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COMBINED FREQUENCY-TIME DOMAIN 
POWERADAPTATION FOR CDMA 
COMMUNICATION SYSTEMS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This application is a Continuation Application of U.S. 
application Ser. No. 1 1/077,435, filed Mar. 10, 2005, which 
claims the benefit of priority from U.S. Provisional Patent 
Application Ser. No. 60/551,889, filed Mar. 10, 2004, the 
entire contents of which are incorporated herein in their 
entireties. 

GOVERNMENT RIGHTS 

The United States government may have certain rights in 
this invention. A portion of the work described herein was 
supported in part by the National Science Foundation under 
NSF Grant ANS-O3338.788. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates to a method and apparatus for wire 

less communications and, more particularly, to adaptive 
power control for CDMA communication systems. 

2. Description of the Related Art 
Code division multiple access (CDMA) is one of several 

techniques for multiplexing wireless users. In CDMA sys 
tems, users are multiplexed over the same wireless channel by 
using distinct spreading codes rather than by using orthogo 
nal frequency bands as in frequency division multiple access 
(FDMA) systems or by using orthogonal time bands as in 
time division multiple access (TDMA) systems. In CDMA 
systems, all the users can transmit simultaneously using the 
entire available transmission spectrum. 

Power control is an important part of these systems. Such 
power control can have a Substantial impact on the capacity 
and apparent quality of service of the CDMA system. The 
need for power control in these systems arises at least from 
the need to mitigate intercell interference that arises from 
frequency reuse. In CDMA systems, a further need for power 
control arises for minimizing intracell interference. For cur 
rent code-division multiple-access (CDMA) cellular systems 
(IS-95), transmission power is adapted so as to maintain the 
same received desired power level from all mobiles. When a 
wireless transmitter is provided with suitable channel state 
information (CSI), adaptation of the transmission power in 
response to channel variations can be a powerful and efficient 
fading mitigation technique in wireless communication sys 
temS. 

In recent years, there has been considerable interest in 
multicarrier (MC) modulation techniques for high bit rate 
applications in fading channels. MC-CDMA modulation, a 
combination of frequency domain spreading and multicarrier 
modulation, is employed to achieve frequency diversity and 
multiple access operation. MC-CDMA systems generally are 
divided into two types: the first type encodes the original data 
sequence for a user via a spreading sequence and then a 
different carrier with each chip, and the second type spreads 
serial-to-parallel converted data sequences using a given 
spreading code and then modulates a different carrier with 
each of the data sequences. Se, for example, S. Hara et al. 
“Overview of multicarrier CDMA," IEEE Communications 
Magazine, pp. 126-133 (December 1997). A conventional 
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2 
MC-CDMA transmitter allocates the available transmission 
power uniformly over all subcarriers. 

In MC-CDMA systems, a form of power control or adap 
tation proposed wherein the transmitter uses only those Sub 
carriers for which channel gains are higher than the given 
threshold leveland truncates or turns off the other subcarriers 
while applying maximal ratio combining (MRC) at the 
receiver. See Zhu et al., “Performance of MC-CDMA systems 
using controlled MRC with power control in Raleigh fading 
channel,' Elec. Lett., Vol. 36, pp. 752-53 (April 2000). This 
approach, however, results in transmission outages when the 
channel gains of all subcarriers are below the threshold level, 
a condition that is unacceptable for most communication 
traffic that is intolerant for any number of reasons to delay. A 
power allocation algorithm for MC-CDMA with a projection 
matrix based receiver was proposed where it was described 
that the optimal power allocation coefficients are the compo 
nents of the eigenvector which corresponds to maximum 
eigenvalue of modified projection matrix orthogonal to the 
interference signal space. See Zhu et al., “Power allocation 
algorithm in MC-CDMA," Proc. IEEE ICC, pp.931-35 (May 
2002). This adaptation method requires the knowledge of all 
users spreading codes and channel responses, which 
increases the system complexity especially for larger number 
of users, making the implementation infeasible for realisti 
cally sized systems expected in practice. 

Although various adaptive power control techniques have 
been proposed for MC-CDMA systems, none have presented 
a practical Solution that can be employed in currently 
expected communication systems based user quality of Ser 
Vice demands and the size of the user community. 

SUMMARY OF THE INVENTION 

Practical transmission power adaptation in multicarrier 
code-division multiple-access (MC-CDMA) communica 
tions is achieved in accordance with the principles of the 
present invention using either a frequency domain technique 
ora time domain technique or a combined frequency and time 
domain technique in response to channel variations. With 
frequency domain power adaptation, the transmission power 
is allocated over the N'(1sN'sN) strongest subcarriers rather 
than over all possible N subcarriers, where the strongest sub 
carriers are understood to exhibit the highest channel gains. A 
substantially optimal N' can be chosen so that the average bit 
error rate (BER) is minimized. 

In the time domain power adaptation technique, transmis 
sion power is adapted so that the desired signal strength at the 
receiver output is maintained at a fixed level. In the combined 
time and frequency domain adaptation technique, the trans 
mission power is first allocated over the N'(1sN'sN) stron 
gest subcarriers rather than overall possible N subcarriers and 
then it is adapted so that the desired signal strength at the 
receiver output is maintained at a fixed level. 

In view of an average transmission power constraint placed 
on Such systems, the frequency domain and the time domain 
power adaptation techniques outperform the prior art non 
adaptive techniques in which constant uniform power is allo 
cated over all the N Subcarriers. In addition, the combined 
frequency and time domain power adaptation technique pro 
vides a significant performance gain over the frequency or 
time domain power adaptation techniques alone. 

BRIEF DESCRIPTION OF THE DRAWINGS 

A more complete understanding of the invention may be 
obtained by reading the following description of specific 
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illustrative embodiments of the invention in conjunction with 
the appended drawings in which: 

FIG. 1 shows a simplified block diagram of a CDMA 
wireless communication system incorporating power adapta 
tion in accordance with the principles of the present inven 
tion; 

FIG. 2 shows an exemplary power spectrum of a transmit 
ted signal using the multi-carrier communication technique; 

FIG.3 shows a simplified block diagram of a portion of the 
modulator in the transmitter from the system in FIG. 1; 

FIG. 4 shows a simplified block diagram of a portion of the 
demodulator in the receiver from the system in FIG. 1; 

FIG. 5 shows a plot of the average bit error rate (BER) 
Versus N' for frequency domain power adaptation in the sys 
tem of FIG. 1 in accordance with the principles of the present 
invention; 

FIG. 6 shows a plot of the optimal number of N' versus the 
number of users K for frequency domain power adaptation in 
the system of FIG. 1 in accordance with the principles of the 
present invention; 

FIG.7 shows a plot of the average BER versus E/No for all 
types of power adaptation applied in the system of FIG. 1 in 
accordance with the principles of the present invention; and 

FIG. 8 shows a plot of the average BER versus the number 
of users K for all types of power adaptation applied in the 
system of FIG. 1 in accordance with the principles of the 
present invention. 

It should be noted that the appended drawings illustrate 
only typical embodiments of this invention and are therefore 
not to be construed as limiting of its scope, for the invention 
may admit to other equally effective embodiments. Where 
possible, identical reference numerals have been inserted in 
the figures to denote identical elements. 

DETAILED DESCRIPTION 

In the description that follows, certain terms are used inter 
changeably. The term “user” may be interchanged with the 
terms “mobile”, “mobile station', and “mobile user'. The 
term “base station is also used interchangeably with the term 
“base’. The terms “transmit power” and “transmission 
power are also used interchangeably. These usages are not 
intended to be limiting in any way. 
The description below is organized as follows. A system 

model is introduced and together with a derivation of the 
signal-to-interference-plus-noise ratio (SINR) of the received 
signals with maximum ratio combining (MRC). Next, the 
power adaptation techniques are described and resulting bit 
error rate (BER) performances are analyzed. Finally, numeri 
cal results are presented with a discussion of the performance 
improvements provided by present transmit power adaptation 
techniques. 

In the description below, transmission power adaptations 
are presented along the frequency domain, the time domain, 
and a combination of both the frequency and time domains in 
an exemplary system utilizing quasi-synchronous uplink 
MC-CDMA communications with an MRC receiver. This 
exemplary system is presented as a framework within which 
to understand the principles of the present invention, as 
opposed to limiting the applicability of this invention. 

In frequency domain power adaptation, the transmission 
power is allocated uniformly over N'(1sN'sN) strongest 
Subcarriers, which exhibit the N' largest channel gains, among 
the Navailable users on the system. When these N subcarri 
ers exhibit channel gains that are relatively high, the desired 
signal strength at the receiver increases for a given total 
transmission power. But it will be shown that a small number 
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4 
of selected power adapted subcarriers N'also leads to a reduc 
tion of effective spreading gain which, in turn, helps to miti 
gate multiple-access interference. The effect of selection of 
the number of power adapted subcarriers N' on the perfor 
mance of the frequency domain power adaptation technique 
is described in detail below. One important effect is that there 
exists an optimal number of subcarriers N' that contributes to 
a minimization of the average BER. 

In the time domain power adaptation approach, the trans 
mission power of each user is dynamically adapted so that the 
desired signal strength at MRC receiver output is maintained 
at a fixed level. In the combined time domain and frequency 
domain power adaptation technique, the transmission power 
is first allocated over the N'(1sN'sN) strongest subcarriers, 
rather than overall possible N subcarriers, and then the trans 
mit power is adapted so that the desired signal strength at the 
receiver output is maintained at a fixed level. In the descrip 
tion that follows, it will be shown that the combined fre 
quency-time domain power adaptation has a significant per 
formance gain over the power adaptation in only frequency 
domain or in the time and that all these transmit power adap 
tation techniques provide significant performance gains over 
a system in which power adaptation is not employed. 
An exemplary MC-CDMA communication system is 

shown in FIG. 1, where K simultaneously active mobile sta 
tions 110 (i.e., mobile stations 110-1 through 110-K) com 
municate with a base station 120. Relevant details of the 
transmit power spectrum, the transmitterarchitecture, and the 
receiver architecture employed in the system of FIG. 1 are 
depicted in FIGS. 2-4. The system in FIG. 1 shows only one 
cell in a multi-cell system for ease of understanding, although 
the results derived herein are applicable to multi-cell systems. 
The implications of a multiple-cell system can be analyzed 
and accounted for by simply accounting for an out-of-cell 
interference components. In this exemplary system, channel 
variations due to fading are assumed to be slow relative to the 
data bit duration, and are also assumed to be independent for 
different users. 

At the transmitter in the system of FIG. 1, each mobile user 
employs N. Subcarriers and binary phase-shift-keying 
(BPSK) modulation. First, a user data sequence d k=1, 0 
2,..., K, which output by data source 111 at a rate of 1/T, is 
serial-to-parallel (SIP) converted in transmitter 112 into F 
parallel streams. Each S/P converted stream, one of which is 
shown in FIG. 3, is spread by a spreading code p in element 
301 and then mapped or copied onto a subset N of the N. 
subcarriers by mixer 302, where N=FxN. The mapped sig 
nals are adjusted by amplifier 303 using the C. coefficients and 
then combined together by Summing junction 304 for output 
to and transmission by antenna 113. The power spectrum of 
an exemplary transmitted signal is shown in FIG. 2. Such an 
arrangement of subcarriers enables each of the NMC-CDMA 
Subcarriers channel to be assumed independent. The exem 
plary spectrum shown in FIG. 2 also shows the repetition of 
the same data bit on each of the N subcarriers from one of the 
F parallel data streams of the S/P converted data sequence. It 
should be noted that F also determines the frequency separa 
tion between neighboring subcarriers modulated by the m' 
data bit. 

Generation of a transmit signal following the serial-to 
parallel conversion is shown in FIG.3. The transmitted signal 
corresponding to the m” data bit da, of the user k can be 
expressed as follows: 
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where pop, . . . . pyl represent the random spreading 
sequence for mobile userk, and d is the m" binary data bit 
which is serial-to-parallel converted with bit duration of 
T-FT. S. is the average transmission power, and C, is the 
transmitter power gain for the n' subcarrier of mobile userk. 
In order to meet the fixed average transmission power con 
straint, 

should be 1 for all ke 0, 1,..., K-1}. It is assumed that 
sufficient channel state information (CSI) is available at both 
transmitter and receiver. Techniques for acquiring and esti 
mating CSI are well known in the art. 

For the purpose of the following analysis, it is assumed, 
without any loss in generality or applicability of the results, 
that the channel is frequency-selective, and that each Subcar 
rier carrying the m” data bit experiences independent Ray 
leigh fading. The assumption of independent fading by each 
subcarrier is appropriate for channels where F/T>B, for B. 
representing the coherence bandwidth. The received signal 
r(t) corresponding to bit m at the base station 120 can then be 
written as: 

- W (2) 
w2ak. St Gin din (t-ti) 

O 

where t is the delay of user k, which is assumed to be 
independent and uniformly distributed over a bit interval; ..., 
is the channel induced phase of user k at the n' subcarrier, 
which is assumed to be independent and uniformly distrib 
uted over 0.27t; not) represents the white Gaussian noise 
with Zero mean and two-sided power spectral density N/2: 
G, is an exponentially distributed random variable repre 
senting the channel power gain for userk at the n' Subcarrier, 
whose probability density function is given by: 

(3), P -- 8 gloo, G; (3) (20 

where 

Go = EIG (4) 

It is assumed that S2 is normalized to unity. Due to the 
complex nature of the transmit signal structure, the theoreti 
cal analysis herein is focused only on the m” data bit carried 
by N subcarriers out of m, m+1,..., m+F data bits carried by 
N subcarriers. 

At the base station 120, the users signals are received by 
the antenna. The received signal is Supplied to each of the 
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6 
receivers 124 corresponding to users k=1,2,..., K. Receiver 
124 is depicted in more detail in FIG. 4 for extracting the 
communications from user 1 (the Subscript is one less than the 
user identifier k). In FIG. 4, the received signal r(t) is propa 
gated down each of N substantially similar paths. For sim 
plicity, the operation along path n is described herein. 
Mixer 401 extracts the signal on the n" subcarrier. This 

signal is then despread by correlator 402 using spreading 
code po, Gain of the despread signal is then adjusted by 
amplifier 403. Summing junction 404 combines the subcar 
rier constituent signals for the corresponding data bit 
together. After integration over a bit period by element 405, 
the recovered data bit do is output by switching element 406. 

It is assumed that Substantially exact synchronization (oth 
erwise known in the art as perfect phase correction) with the 
desired user can be obtained. For them" bit from user 1, the 
decision variable is given by: 

W 

= X Waon for Go, E. dolm + 1 MA + i. 
O 

where the subscript of the data bit is one less than the user 
identifierk (here k=1), f, is the receiverpower gain for the 
n" subcarrier of userk, and bit energy E.S.T. The first term 
in Equation (5) is the desired signal term. The second term 
labeled It is the multiple-access interference term induced 
by the other K-1 active users, and the third term p is the white 
Gaussian noise. I and pare independent random variables 
with mean Zero and variances 

E, (6) 2 E. EIlia) = - for Eakin Gk.nl 
k=1 =0 

N- (7) N 

E(n) = X B 

respectively. Therefore, the SINR, T, for the desired user 1 
can be given by 

2 (8) 

When channel state information (CSI) is not available at 
the transmitter, transmission power is not adaptively allo 
cated. Instead it is allocated uniformly over total N subcarri 
ers. This is commonly understood to be the case in prior art 
systems. Performance of Such a non-adaptive transmission 
technique is presented below for the purpose of Subsequent 
performance comparison with power adaptation techniques 
described below in accordance with the principles of the 
present invention. In this case, the transmitter power gain, 
C for user k is given by: 

ot,”—1/N, n=0, 1,..., N-1. (9) 
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It is reasonable to consider the maximal ratio combining 
(MRC) receiver in FIGS. 1 and 4 as a diversity combining 
method. The corresponding receiverpower gain, fB for user 
k is: 

f"-G, n=0, 1,..., N-1. (10) 

By Substituting Equation (9) and Equation (10) in Equation 
(8), one obtains the SINR, T, for the prior art non-adaptive 
transmission technique as follows: 

(11) 
To = 'no X. Gon 

=0 

where 

A. ; : (12) 
vo = - + - E, 

Using a Gaussian approximation based on the assumption 
that the interference plus noise in Equation (5) is Gaussian 
with Zero mean and a variance of EII+Em, it is pos 
sible to calculate the bit error rate (BER). Accordingly, the 
average BER for the non-adaptive transmission technique is 
given by 

(13) 

where P, is the probability of a bit error and parameters Q(x) 
and G are defined as follows: 

Q(x) A V. ?ef/dt, x > 0 (14) 
and 

A. N- (15) 

G. : X Gibn 
=0 

respectively. The probability density function of G is given 
by: 

gN-leg 
(N - 1) 

(16) 
PG (g) = g a 0. 

Then by substituting Equation (16) in Equation (13) and 
using the result of known techniques in Proakis, Digital Com 
munications, 3" Ed., p. 781, Eq. (144-15) (McGraw-Hill 
1995), it is shown that the average BER in Equation (13) can 
be written as: 

(17) 
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-continued 
(18) A 'no 

pl = 2 + y, 

Power adaptation in accordance with the principles of the 
present invention can be understood in the context of FIG. 1. 
In the base station 120, the received signal r(t) is supplied to 
channel estimation element 121 to obtain an estimate of the 
signal strength and, thereby, the channel power gains G. The 
estimated channel gains are then ordered in ordering element 
122. Ordering is performed for the estimated channel gains in 
decreasing order. With the channel gains ordered, it is pos 
sible in element 123 to calculate the amplifier power gains C. 
and B for the transmitters and receivers in the system. Once 
calculated by the time domain and frequency domain power 
adaptation techniques described below in more detail, the 
amplifier power gains C. and B are Supplied to the system 
transmitters and receivers. A feedback channel is shown for 
Supplying the transmitter amplifier power gains C. from the 
calculation element 123 to the Kuser mobile station trans 
mitters. 

While feedback channel is shown as a solid line in the 
figure, it is understood that this depiction was done for ease of 
understanding. The feedback channel can be realized as a real 
or logical or virtual wireless channel received by each of the 
mobile station antennas. As intended to be realized, the trans 
mitter amplifier power gains C. are received by the related 
mobile station on its respective antenna and are then pro 
cessed and applied to the users associated transmit power 
amplifiers 303 in transmitter 112, wherein the transmit power 
of each subcarrier is adjusted to the level related to the trans 
mitter amplifier power gain a for that user. 
As stated previously, the feedback channel can be a real 

channel Such as a separate dedicated signaling or control 
channel allocated within the communication protocol. Alter 
natively, the feedback channel can be realized as a logical or 
virtual channel by using, for example, an overhead portion or 
a payload portion of X symbols in a data transmission 
sequence from the base station for transmitting the adapted 
transmit power gain levels. This information could be recov 
ered by the transmitter and applied to the corresponding 
transmit power amplifier. It is contemplated that the feedback 
signal would include the sequence of adapted transmit power 
amplifier gain levels together with an indicator or index asso 
ciating each level with its particular mobile user station. 

In this section, the transmission power is allocated inaccor 
dance with the principles of the present invention uniformly 
over only the N'(1sN'sN) subcarriers that have highest 
channel gains rather than by distributing it overall possible N 
Subcarriers as done in the non-adaptive transmission prior art 
technique described above. The transmitter power amplifier 
gains with Such a frequency domain power adaptation tech 
nique are calculated in element 123 as follows: 

1 / N', if G > G., (19) ot. - O, otherwise 

where Go2G'= ... 2G' are the orderstatistics obtained 
by arranging the estimated channel gain for the N Subcarriers 
of user k, {G}, '', in decreasing order. Similarly, the 
receiverpower amplifier gains calculated using the frequency 
domain power adaptation are given as: 
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(20) Gen, if G. P. G.N. f 0, otherwise. 

It should be understood that the receiver combining formation 
in Equation (20) corresponds to the signal being transmitted 
over only N' strongest subcarriers. 

Employing the frequency domain power adaptation, one 
can show that: 

(21) 
Eloi,G] = | -- S. 1. ) 

It follows from Equations (8), (19), (20), and (21) that the 
signal-to-interference-plus-noise ratio (SINR). T, for the fre 
quency domain power adaptation is given by: 

TF = Vf Zo (22) 

where 

A ||(K-1)N' 1 + S. 1 fil N No -l (23) 
v f = | sy f E, 

=N-- 

and 

A. N-1 (24) 

Zo 2 X G6. 
=0 

The probability density function of Zo is given by: 

A 25 
N \gy'-leg W-N (N - N' (N'Y'' (25) 

P(a)=(S, (N7 - 1) +X-1) (). 
= 

N-2 1 | Yn 
geW78 

Xe Xi(-N.) 

Thus, the average BER with the frequency domain power 
adaptation is given by, 

By Substituting Equation (25) into Equation (26) and using a 
published result, we get the following for average BER for the 
frequency domain power adaptation: 

W-N f -l (27) 

X-1, + , tsii, (...) 12 N7 2sing 
=0 

P = t Vf W- did. 

O (1+ 3-2 2sind 
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10 
In this section, the transmission power is adapted in the 

time domain only. According to this technique, the transmis 
sion power is distributed over all N subcarriers and, in con 
trast to the prior art non-adaptive techniques, the transmission 
power is dynamically adapted for each symbol in the time 
domain so that the desired signal strength at a maximal ratio 
combining receiver maintains fixed desired level. The trans 
mitter and the receiver power gains with Such a power adap 
tation technique are random variables calculated in element 
123 as follows: 

C-Cl/N, n=0, 1,...,N-1 (28) 

and 

f3,'-G, n=n=0, 1,...,N-1, (29) 

respectively. In order to satisfy the average transmission 
power constraint that applies to most commercial wireless 
systems, the expected value of the transmitter amplifier gain 
levels ECT should be substantially 1. 

In order to maintain the received power of the desired 
signal at a fixed level, G, the transmitter amplifier power 
gain is adjusted according to the following equation: 

C =G/G. (30) 

where the channel gain G is defined in Equation (15). It then 
follows from the average power constraint of the system and 
Equation (16) that G is given by: 

G. (31) 
R 1 1 I g; | N - 1 8 - 1, E1 fo, (N - 1) .. 8 g 

where, in the last step, integral tables can be used. 
It can be shown that, 

(32) 

Also from Equations (28), (30), and (31), the transmitter 
amplifier gain levels can be expressed as, 

(33) 

Substituting Equations (29), (32), and (33) into Equation (8) 
yields the signal-to-interference-plus-noise ratio (SINR), T. 
for the time domain power adaptation technique as, 

K - 1 N (34) 
T = x + 

Noll 
2(N - 1) E, 

It should be noted that the SINRT, does not fluctuate with the 
channel fading, since the transmitter adapts its power levels to 
maintain a constant SINR at the receiver. The average BER 
realized with the time domain power adaptation is given by, 
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The combined frequency-time domain power adaptation is 
a two-step process in which frequency domain power adap 
tation is performed prior to the time domain power adapta 
tion. In the frequency domain power adaptation, the transmis 
sion power is allocated over only the subset of N' strongest 
subcarriers, where 1sN'sN. Power adaptation is the per 
formed in the time domain to maintain the desired user signal 
strength at a desired fixed level. With such a combined adap 
tation technique, the transmitter and the receiver power 
amplifier gains are given by: 

fi /N", if G > G. (36) 
Ci. F x 
k, O, otherwise, 

and 

(37) fi r if G > G.N. 
O, otherwise, 

respectively. 

In order to maintain the received power of the desired mobile 
station signal at a desired fixed level, the transmitter power 
amplifier levels are given as: 

where Z is defined in Equation (24). To meet the average 
power constraint in these systems, EIC" is preferably equal 
to unity. Hence, 

1 (39) i GR = z = } 
where 

co 1 40 Y A E[1/Z. = P., (g)dg (40) 
O 

With Equations (36), (37), and (39), it is possible to show that: 

-l (41) 

Eloi, G. G. = G. Pr(Gk. = G...) 
O 

Elaf, G. = 
i 

1 
NN/ 

By substituting Equations (36), (37), and (41) into Equation 
(8), it is possible to show that the SINR. T., for the frequency 
time domain power adaptation technique as: 

K-1 N'Y Nol (42) 
= N + 2 E. Ti 
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12 
Therefore, the average BER is given by: 

FIG. 5 shows a plot of the average bit error rate (BER) 
Versus N' for frequency domain power adaptation in the sys 
tem of FIG. 1 in accordance with the principles of the present 
invention. The number of subcarriers N was selected to be 8 
and the bit energy to noise spectral density ratio, E/No, was 
chosen to be 10 dB. The number of users, K, is varied from 2 
in curve 502 to 5 in curve 501. In FIG. 5, the average BER in 
Equation (26) is depicted as a function of N', from which it 
can be observed that there exists a value of N' that minimizes 
the average BER. This set of graphs indicates that, for given 
system parameters, the average BER with the frequency 
domain power adaptation can be minimized by appropriately 
choosing the number of N'. 

FIG. 6 shows a plot of the optimal number of N' versus the 
number of users K for frequency domain power adaptation in 
the system of FIG. 1 in accordance with the principles of the 
present invention. The number of subcarriers N is again 
selected to be 8. In FIG. 6, the optimal N' is plotted as a 
function of the number of active users K for several values of 
E/N. Curve 604 utilizes E/N of 5 dB; curve 603 utilizes 
E/No of 10 dB; curve 602 utilizes E/No of 15 dB; and curve 
601 utilizes E/No of 20 dB. The plot shows that the optimal 
value of N' increases with an increasing number of users K. 
This is because a higher spreading gain is required to mitigate 
the multiple access interference for larger numbers of users, 
K (i.e., interference limited region). On the other hand, a 
smaller number of optimal subcarriers N' yields better per 
formance for a smaller number of users K (i.e., noise-limited 
region) because, in order to mitigate the channel fading 
impairment, diversity gain obtained by reducing N' is needed 
more than spreading gain. It should be noted that N'-1, which 
corresponds to selection diversity at the mobile transmitter, is 
optimal for single-user case, where K-1. 

FIG.7 shows a plot of the average BER versus E/No for all 
types of power adaptation applied in the system of FIG. 1 in 
accordance with the principles of the present invention. The 
number of available subcarriers N is selected to be 8 and the 
number of users K is selected to be 4. The average BERs for 
several adaptation techniques are compared in FIG. 7. 
wherein the optimal N' that minimizes the average BER was 
used for both the frequency domain and the frequency-time 
domain power adaptations. It shows that the combined fre 
quency-time domain power adaptation (curve 704) has a sig 
nificant performance gain over the non-adaptive technique 
(curve 701). While the time domain power adaptation (curve 
703) and the frequency domain power adaptation (curve 702) 
show better performance than the non-adaptive technique, 
they show complementary performance in different E/No 
regions. For lower E/No in the so-called noise-limited 
region, the frequency domain power adaptation outperforms 
the time-domain power adaptation. For higher E/No in the 
so-called interference-limited region, the time domain power 
adaptation outperforms the frequency domain power adapta 
tion. Therefore, FIG. 7 indicates that for MC-CDMA com 
munications, joint adaptation of the transmission power in the 
frequency-time domain makes more efficient use of the avail 
able transmission power than power adaptation in the fre 
quency domain or the time domain alone. 
FIG.8 shows a plot of the average BER versus the number 

of users K for all types of power adaptation applied in the 
system of FIG. 1 in accordance with the principles of the 
present invention. The number of subcarriers N was selected 
to be 8 and the signal to noise ratio E/No was chosen to be 15 
dB. FIG. 8 shows the average BER versus K with several 

(43) 
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adaptation techniques. Again the combined frequency-time 
domain power adaptation in curve 801 yields much better 
performance than the non-adaptive transmission technique in 
curve 804 for all numbers of users, K. The performance gain 
becomes more pronounced as the number of users K 
decreases. The time domain power adaptation technique in 
curve 802 outperformed the frequency domain power adap 
tation technique in curve 803 under these conditions. Such 
performance gain can be translated into a reduction of the 
total number of subcarriers required to achieve a target BER 
for a given number of users, which in turn means a reduction 
of required system bandwidth. 
The power adaptation techniques described above are 

based on knowledge of the channel state information on each 
of the Subcarriers. In experimental practice, the performance 
of the power adaptation techniques can be negatively affected 
if the channel state estimation is not reliable. Therefore, the 
transmission power adaptations in MC-CDMA communica 
tion systems which require the transmitter to have reliable a 
priori CSI about the subcarriers can be applied to systems 
with slowly-varying channel characteristics, such as cellular 
systems for pedestrian or nomadic environments, wireless 
local area networks (WLAN or WiFi), or wireless local loop 
(WLL) systems. 
The description above has set forth details about a novel 

technique for adapting transmission power in MC-CDMA 
communication systems in the frequency domain, in the time 
domain, and in a combination of the time and frequency 
domains. For frequency domain power adaptation, the trans 
mission power has been allocated to only the N' strongest 
Subcarriers. In time domain power adaptation, the transmis 
sion power is adjusted to maintain the signal strength at a 
fixed level. A combination of the frequency domain power 
adaptation and the time domain power adaptation outper 
forms the non-adaptive technique for 9 noise-limited and 
interference-limited regions, respectively. The combined 
adaptation of the transmission power in the combined fre 
quency-time domain was shown to significantly outperform 
the power adaptation in only frequency or time domain as 
well as over the non-adaptive technique. 

While the foregoing is directed to embodiments of the 
present invention, other and further embodiments of the 
invention may be devised without departing from the basic 
scope thereof, and the scope thereof is determined by the 
claims that follow. 
What is claimed is: 
1. A method for power adaptation in a multicarrier code 

division multiple access communication system, the method 
comprising: 

receiving signals from a plurality of mobile stations in 
communication with at least one base station, each 
mobile station including an adaptive transmitter that 
includes a plurality of controllable gain amplifiers; 

estimating channel power gain for each mobile station in 
response to the received mobile station signals, where 
the channel power gain is for a subcarrier of the mobile 
station; 

ordering received signals from the mobile stations on a 
decreasing order basis for the corresponding estimated 
channel power gain from the mobile station associated 
with a highest channel gain to the mobile station asso 
ciated with a lowest channel gain; and 

determining, in response to the ordered channel power 
gains, both a plurality of power amplifier gain levels for 
the controllable gain amplifiers in the adaptive transmit 
ter and a plurality of power amplifier gain levels for 
controllable gain amplifiers in each of a plurality of 
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14 
adaptive receivers of the base station, each adaptive 
receiver being associated with one of the plurality of 
mobile stations, 

wherein the transmitter power amplifier gain levels and the 
adaptive receiver power amplifier gain levels are 
dynamically adapted to the estimated channel power 
gains for each symbol from the mobile stations in one of: 
a time domain for distributing available transmission 
power over all Subcarriers to maintain a received sig 
nal strength for signals received at the base station at 
a predetermined level, or 

a frequency domain for distributing available transmis 
sion power over a subset of all subcarriers, wherein 
and the subset of subcarriers exhibits the subset high 
est estimated channel power gains. 

2. The method as defined in claim 1, wherein in the time 
domain, the determining step further includes the steps of 

calculating the adaptive transmitter power amplifier gain 
levels as follows, 

C-Cl/N, n=1,2,..., N, 

where C =G/G, 

N 

G = X Gkin, 
=0 

Gr, is the predetermined level and G, is the channel power 
gain for ann" subcarrier of the mobile station; and 

calculating the adaptive receiverpower amplifier gain lev 
els as follows: 

3. The method as defined in claim 2, wherein the predeter 
mined level is substantially equal to N-1. 

4. The method as defined in claim 1 further including the 
step of transmitting to each mobile station the adaptive trans 
mitter power amplifier gain levels associated with the trans 
mitter for that mobile station. 

5. The method as defined in claim 4 further comprising the 
step of Supplying to the base station receivers the adaptive 
receiver power amplifier gain levels associated with the 
receiver of signals from that mobile station. 

6. The method as defined in claim 5 further comprising the 
step of adjusting the controllable gain amplifier gain levels at 
each adaptive receiver in the base station to a level defined by 
the associated adaptive receiverpower amplifier gain levels in 
the transmitting step. 

7. The method as defined in claim 4, wherein the transmit 
ting step further comprises the steps of: 

associating the adaptive transmitter power amplifier gain 
levels from the determining step with a particular mobile 
station; and 

associating the adaptive receiverpower amplifier gain lev 
els from the determining step with a particular receiver 
in the base station. 
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8. The method as defined in claim 1, wherein in the fre 
quency domain, the determining step further includes the 
steps of: 

calculating the adaptive transmitter power amplifier gain 
levels as follows, 

f ". if G > Gy 
O, otherwise, 

where N' is the subset of subcarriers and G' his an order 
statistic obtained from the ordering step; and 

calculating the adaptive receiverpower amplifier gain lev 
els as follows: 

Gin, if G. G.N. f3 = O, otherwise. 

9. The method as defined in claim 1, wherein in the fre 
quency domain, the method further comprises: 

revising the determination of both the determined plurality 
of power amplifier gain levels in the adaptive transmitter 
and the determined plurality of power amplifier gain 
levels in each of the plurality of adaptive receivers, 
wherein the adaptive transmitter power amplifier gain 
levels and the adaptive receiver power amplifier gain 
levels are dynamically adapted to the estimated channel 
power gains for each symbol from the mobile stations in 
the time domain for distributing available transmission 
power over the subset of subcarriers to maintain a 
received signal strength for signals received at the base 
station at a predetermined level. 

10. The method as defined in claim 9, wherein the deter 
mining step further includes the steps of 

calculating the adaptive transmitter power amplifier gain 
levels as follows, 
C-Cl/N, n=1,2,..., N. 

where C–G/G, 

N 

G = X Gk. 
=0 

and G is the predetermined level; and 
calculating the adaptive receiverpower amplifier gain lev 

els as follows: 

B.'-G., n-1,2,..., N. 

11. The method as defined in claim 10, wherein the revising 
step further includes the steps of: 

calculating the adaptive transmitter power amplifier gain 
levels as follows, 

2. 
O, otherwise, 
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16 
where G an order statistic obtained from the ordering step; 
and 

calculating the adaptive receiverpower amplifier gain lev 
els as follows: 

Gin, if Gin G.N. f3 = O, otherwise. 

12. The method as defined in claim 11, wherein the prede 
termined level is substantially equal to N-1. 

13. The method as defined in claim 9 further including the 
step of transmitting to each mobile station the adaptive trans 
mitter power amplifier gain levels associated with the trans 
mitter for that mobile station. 

14. The method as defined in claim 13 further comprising 
the step of supplying to the base station receivers the adaptive 
receiver power amplifier gain levels associated with the 
receiver of signals from that mobile station. 

15. The method as defined in claim 13 further comprising 
the step of adjusting the controllable gain amplifier gain lev 
els at each adaptive receiver in the base station to a level 
defined by the associated adaptive receiver power amplifier 
gain levels in the transmitting step. 

16. The method as defined in claim 13, wherein the trans 
mitting step further comprises the steps of associating the 
adaptive transmitter power amplifier gain levels from the 
determining step with a particular mobile station; and asso 
ciating the adaptive receiverpower amplifier gain levels from 
the determining step with a particular receiver in the base 
station. 

17. An apparatus, comprising: 
a receiving module configured to receive signals from a 

plurality of mobile stations in communication with at 
least one base station, each mobile station including an 
adaptive transmitter that includes a plurality of control 
lable gain amplifiers; 

an estimating module configured to estimate channel 
power gain for each mobile station in response to the 
received mobile station signals, where the channel 
power gain is for a Subcarrier of the mobile station; 

an ordering module configured to order received signals 
from the mobile stations on a decreasing order basis for 
the corresponding estimated channel power gain from 
the mobile station associated with a highest channel gain 
to the mobile station associated with a lowest channel 
gain; and 

a determining module configured to determine, in response 
to the ordered channel power gains, both a plurality of 
power amplifier gain levels for the controllable gain 
amplifiers in the adaptive transmitter and a plurality of 
power amplifier gain levels for controllable gain ampli 
fiers in each of a plurality of adaptive receivers of the 
base station, each adaptive receiver being associated 
with one of the plurality of mobile stations, 

wherein the transmitter power amplifier gain levels and the 
adaptive receiver power amplifier gain levels are 
dynamically adapted to the estimated channel power 
gains for each symbol from the mobile stations in one of: 
a time domain for distributing available transmission 
power over all Subcarriers to maintain a received sig 
nal strength for signals received at the base station at 
a predetermined level, or 

a frequency domain for distributing available transmis 
sion power over a subset of all subcarriers, wherein 
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and the subset of subcarriers exhibits the subset high 
est estimated channel power gains. 

18. The apparatus as defined in claim 17, further compris 
ing a transmitting module configured to transmit to each 
mobile station the adaptive transmitter power amplifier gain 
levels associated with the transmitter for that mobile station. 

19. The apparatus as defined in claim 18, wherein the 
adaptive receiverpower amplifier gain levels associated with 
the receiver of signals from the mobile station is supplied to 
the base station receivers. 

20. The apparatus as defined in claim 18, wherein the 
controllable gain amplifier gain levels at each adaptive 
receiver in the base station is adjusted to a level defined by the 
associated adaptive receiver power amplifier gain levels. 

21. The apparatus as defined in claim 18, wherein the 
transmitting module is further configured to: 

associate the adaptive transmitter power amplifier gain 
levels with a particular mobile station; and 

associate the adaptive receiverpower amplifier gain levels 
with a particular receiver in the base station. 

22. The apparatus as defined in claim 17, wherein in the 
frequency domain, the determining unit is configured to 
revise the determination of both the determined plurality of 
power amplifier gain levels in the adaptive transmitter and the 
determined plurality of power amplifier gain levels in each of 
the plurality of adaptive receivers, wherein the adaptive trans 
mitter power amplifier gain levels and the adaptive receiver 
power amplifier gain levels are dynamically adapted to the 
estimated channel power gains for each symbol from the 
mobile stations in the time domain for distributing available 
transmission power over the Subset of subcarriers to maintain 
a received signal strength for signals received at the base 
station at a predetermined level. 

23. An apparatus, comprising: 
means for receiving signals from a plurality of mobile 

stations in communication with at least one base station, 
each mobile station including an adaptive transmitter 
that includes a plurality of controllable gain amplifiers; 

means for estimating channel power gain for each mobile 
station in response to the received mobile station signals, 
where the channel power gain is for a subcarrier of the 
mobile station; 

means for ordering received signals from the mobile sta 
tions on a decreasing order basis for the corresponding 
estimated channel power gain from the mobile station 
associated with a highest channel gain to the mobile 
station associated with a lowest channel gain; and 

means for determining, in response to the ordered channel 
power gains, both a plurality of power amplifier gain 
levels for the controllable gain amplifiers in the adaptive 
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18 
transmitter and a plurality of power amplifier gain levels 
for controllable gain amplifiers in each of a plurality of 
adaptive receivers of the base station, each adaptive 
receiver being associated with one of the plurality of 
mobile stations, 

wherein the transmitter power amplifier gain levels and the 
adaptive receiver power amplifier gain levels are 
dynamically adapted to the estimated channel power 
gains for each symbol from the mobile stations in one of: 
a time domain for distributing available transmission 
power over all Subcarriers to maintain a received sig 
nal strength for signals received at the base station at 
a predetermined level, or 

a frequency domain for distributing available transmis 
sion power over a subset of all subcarriers, wherein 
and the subset of subcarriers exhibits the subset high 
est estimated channel power gains. 

24. The apparatus as defined in claim 23, further compris 
ing means for transmitting to each mobile station the adaptive 
transmitter power amplifier gain levels associated with the 
transmitter for that mobile station. 

25. The apparatus as defined in claim 24, wherein the 
adaptive receiverpower amplifier gain levels associated with 
the receiver of signals from the mobile station is supplied to 
the base station receivers. 

26. The apparatus as defined in claim 25, wherein the 
controllable gain amplifier gain levels at each adaptive 
receiver in the base station is adjusted to a level defined by the 
associated adaptive receiver power amplifier gain levels. 

27. The apparatus as defined in claim 26, wherein the 
means for transmitting is further configured to: 

associate the adaptive transmitter power amplifier gain 
levels with a particular mobile station; and 

associate the adaptive receiverpower amplifier gain levels 
with a particular receiver in the base station. 

28. The apparatus as defined in claim 23, wherein in the 
frequency domain, means for determining is configured to 
revise the determination of both the determined plurality of 
power amplifier gain levels in the adaptive transmitter and the 
determined plurality of power amplifier gain levels in each of 
the plurality of adaptive receivers, wherein the adaptive trans 
mitter power amplifier gain levels and the adaptive receiver 
power amplifier gain levels are dynamically adapted to the 
estimated channel power gains for each symbol from the 
mobile stations in the time domain for distributing available 
transmission power over the Subset of Subcarriers to maintain 
a received signal strength for signals received at the base 
station at a predetermined level. 

k k k k k 
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